Abstract Bone on-growth and peri-implant migration of polyethylene particles were studied in an experimental setting using trabecular metal and solid metal implants. Cylindrical implants of trabecular tantalum metal and solid titanium alloy implants with a glass bead blasted surface were inserted either in an exact surgical fit or with a periimplant gap into a canine knee joint. We used a randomised paired design. Polyethylene particles were injected into the knee joint. In both types of surgical fit we found that the trabecular metal implants had superior bone ongrowth in comparison with solid metal implants (exact fit: 23% vs. 7% [p=0.02], peri-implant gap: 13% vs. 0% [p=0.02]. The number of peri-implant polyethylene particles was significantly reduced around the trabecular metal implants with a peri-implant gap compared with solid implants.
Introduction
Trabecular metal represents a new type of implant material and is used for porous monoblock acetabular implants with an integrated polyethylene liner [7] . The potential risk of backside wear is thus eliminated. In an experimental transcortical press-fit model, trabecular metal has obtained promising bone ingrowth and mechanical fixation [6] . Furthermore, a canine study has also shown good osseointegration of acetabular trabecular metal components [7] . However, long-term clinical results of this implant material are lacking. A concern is the permeability of the trabecular implants, which may increase the transportation of wear debris to the bone implant interface compared with implants with a lower porosity and solid substrates. High failure rates due to particle-mediated aseptic loosening might therefore be feared.
This experimental study investigated the influence of trabecular metal on the migration of polyethylene (PE) particles to peri-implant areas of bone. A solid impermeable titanium alloy implant served as control. Two surgical fittings (exact and gap) were applied to mimic the clinical setting, where implants, even though inserted with press fit, initially have large areas without bone-implant contact [14, 20] .
It was hypothesised that the open-pored trabecular metal implants would increase the peri-implant level of PE particles by providing access routes to the interface through the interconnected pores of the implant. The highest level of PE particles was expected in the model with the highest permeability. This was expected to be the trabecular metal (Tm) implants inserted leaving a gap.
Materials and methods

Design
Two implants were implanted in each knee joint of eight dogs. Trabecular metal (Tm) and glass bead-blasted (Gb) implants were inserted in a randomised paired design. In the lateral femoral condyle of the knee joint the implants were inserted as an exact fit. In the medial femoral condyle implants were inserted with a 0.75-mm gap from the trabecular bone. The experimental implants were fixed by a stable loaded implant device [23] . Joint fluid was in contact with the bone-implant interface. Intra-articular injections with PE particles began three weeks after surgery and were performed weekly until the dogs were killed 8 weeks after surgery.
Animals
Eight mongrel dogs weighing 24-30 kg (average 27 kg) were included in this study. The dogs were bred for scientific purposes and were handled according to the Danish law on animal experimentation.
Implants
The implants were cylindrical (length: 9 mm, diameter: 6 mm). The solid titanium alloy (Ti-6-Al-4V) implants had a slightly roughened surface from glass bead blasting. Trabecular metal implants were highly porous and made of pure tantalum. The pore size of the material is an average of 550 μm, which has been experimentally proven to allow good bone ingrowth [6] . The implants were sterilised by gamma irradiation. Analyses for roughness were performed at the Danish Technology Institute and done on two implants of each kind. Four longitudinal measurements were performed on each implant with 90°between the measurements. A stylus with a tip radius of 2 μm without skid was used. The cut-off filter was 0.8 mm and the evaluation length was 4.0 mm per measurement. Mean Ra was 24 μm (SD 3 μm) with R max 137 μm (SD 4 μm) for the two Tm implants. Gb implants (n=2) had a mean Ra of 1.1 μm (SD 1.1 μm) and R max of 8 μm (SD 0 μm). The porosity of the trabecular metal was determined by scanning electron microscopy (SEM) with backscatter mode (Maxim 2040S, CamScan Electron Optics). Analysis was performed on 3-mm thick successive transverse sections of four epoxy embedded Tm implants. Porosity was defined as an area of void spaces (plastic) as a percentage of the total area of ROI and analysis was done by a greyscale threshold with image analysis software (ImageJ). The mean porosity of Tm implants was 75% (SD 5%).
Characteristics of injected material
The PE powder consisted of 100% pure crystalline highdensity polyethylene (HDPE; Shamrock Technologies, from Smith and Nephew Richards, Memphis, TN, USA). SEM (Cambridge S360) had determined the particle size distribution with automatic image analysing equipment [22, 23] . The analysis was performed at the Danish Technological Institute. The mean equivalent circle diameter was 2.09 μm (range 0.2-11) and the shape was spherical. The powder consisted of 7% particles with a diameter below 1 μm.
The particles were gamma-sterilized. Immediately before use, the particles were suspended in sterile hyaluronic acid (1.75 mg hyaluronic acid/ml phosphate-buffered saline, pH 7.4) and mixed in a vial. Hereafter, the vial was placed in an ultrasound bath for 30 min to homogenise the suspension. The suspension contained 5 mg HDPE (approximately 1.2×10 9 particles) per ml hyaluronic acid as in previous studies [22, 23] . The particles and hyaluronic acid were previously analysed by gas chromatographytandem mass spectrometry. The analysis is highly sensitive to trace levels of lipopolysaccharide (endotoxin) [27] . There were no biochemical markers for endotoxins in any of the samples tested.
Injection procedure of PE particles Intra-articular injections using sterile technique were started three weeks after surgery and were repeated weekly, a total of five times per dog. The lateral and medial joint chamber of each knee received 2.5 ml injection substance by parapatellar injection (Fig. 1) . The dogs were under brief intravenous anesthesia (thiobarbital) during the procedure. Fig. 1 Design of the study. Two implants were inserted into each knee joint. Trabecular metal (Tm) implants or glass bead (Gb)-blasted implants were used. The type of implant was randomly alternated between the left and right knees. Implants inserted into the lateral condyles were inserted as an exact fit and implants in medial condyles were inserted with a peri-implant gap. High-density polyethylene particles were injected into both knee joints
Surgical techniques
We used a stable weight-loaded implant device developed by Søballe et al. [26] . The implants were inserted using a sterile technique, while the dogs were under a general inhalatory anesthesia with isoflurane. The knee joints were exposed by the subvastus approach. The patella was dislocated laterally to expose the femoral condyles. Lowspeed drilling was performed with K-wire guided cannulated trap drills. Cooling with saline was used to avoid thermal trauma to the bone. Bone debris was washed from the drilled cavity with physiological saline. A 7.5-mm hole was created in the medial femoral condyle leaving a 0.75-mm gap around the 6-mm implants. In the lateral femoral condyle a 6-mm drill hole was created around the implant providing an exact fit as described earlier [21] . A threaded anchorage screw centralised the test implant and a PE plug in the drilled hole. The PE plug (diameter 4.5 mm) protruded slightly above the cartilage so a load was transferred through the implant system at each gait cycle. A titanium ring inserted in the subchondral part of the condyle prevented early tissue ongrowth to the PE plug. A 1.5-mm gap existed between the PE plug and the titanium ring to allow access of joint fluid to the bone-implant interface. The knee was tested after implantation and free motion of the knee joint was ensured. Prophylactic antibiotics (ampicillin) were administrated immediately before surgery. Analgesics (fentanyl plaster) were used for the first three postoperative days. Full weight-bearing was allowed postoperatively.
Specimen preparation
The distal femur was cleared of soft tissue and stored at −20°C immediately after the dogs were killed. Specimens of implants with surrounding bone were prepared with a water-cooled diamond band saw (Exact Appartebau, Norderstedt, Germany). The bone implant specimen was dehydrated in graded ethanol (70-100%) containing basic fuchsin 0.4% and embedded in methylmethacrylate. In accordance with the vertical section method, the implant was randomly rotated around the long axis of the cylindrical implant to obtain random sampling around this axis. Then serial sectioning was performed on a microtome (KDG-95; MeProTech, Heerhugowaard, Netherlands) with 350 μm between sections [3] . Four sections were cut from the central part of each implant. Sections were approximately 35 μm thick and were counterstained with 4% light green [10] . The sections were used to estimate particle migration, tissue ongrowth and gap healing. Basic fuchsin stained soft tissue red and light green stained bone green. The polyethylene (PE) plug was removed from the specimens before histological preparation and therefore only the area of the PE plug is indicated on the sections. a Tm implant inserted as an exact fit. Bone ingrowth into the implant was present in all peripheral regions of the implant. The inner pores of the implant were mostly filled with fibrous tissue. b Gb-blasted implant inserted as an exact fit. The implant was partly covered by a fibrous membrane surrounded by disrupted bone. These findings suggested that bone had been resorbed at the interface and had been replaced by fibrous tissue. The fibrous tissue was in continuity with the fibrous tissue around the PE plug, allowing joint fluid and PE particles access to the periimplant tissue. c Tm implant inserted, with a peri-implant gap. The gap had been bridged by bone formation and ingrowth into the implant was present in all peripheral regions of the implant. However, the inner pores of the implant were mostly filled with fibrous tissue as seen in the group of exactly fitted implants. d Gb-blasted implant inserted, with a peri-implant gap. The implant was fully covered by a fibrous membrane. A sclerotic bone rim had formed around the fibrous implants as visible in revision cavities. The fibrous tissue was in continuity with the fibrous tissue around the PE plug as seen in the exact fit implants Histomorphometry A stereological software program was applied (CASTGrid, Olympus Denmark A/S) for histomorphometry. This is based on a user-specified grid or counting frame superimposed on the microscopic fields transmitted to the monitor of a personal computer (attached to a light microscope, objective ×10, ocular ×10). By using the vertical section method [3] and the applied grid systems, it was possible to calculate unbiased estimates by means of stereological methods even though cancellous bone is anisotropic [12, 18] . Four sections were counted per implant to reduce the variance from the section level to a minimum [19] .
Migration of PE particles was evaluated by use of a counting frame (700×940 μm) as previously described [22] . Grade 0 was used if no particles were present inside the counting frame. If 1-10, 11-20, 21-50 or over 50 particles were present, grades 1, 2, 3 and 4 were used respectively. The counting frame was aligned to the implant surface and the peri-implant tissue in the range of 700 μm from the surface was analysed. PE particles were identified with polarised light microscopy.
Ongrowth was implant surface in contact with bone, bone marrow, fibro-cartilage or fibrous tissue as a percentage of the total implant surface estimated by the linear intercept technique. The implant surface was defined as the first intersection between the test line and the periphery of the implant. A mean of 307 (range 238-377) intersections were counted per implant.
The 700-μm area adjacent to the implant surface was analysed using a point-counting technique with a mean of 531 (range 357-586) points per implant. The percentages of bone, fibro-cartilage, bone marrow and fibrous tissue were estimated. Statistics SPSS 10.0 statistical software was used. Wilcoxon signed rank sum test was used as data did not have a normal distribution. Two tailed p values below 0.05 were considered significant. Median values and range are presented unless otherwise stated.
Results
Animals
One dog was killed 2 days after surgery because it had developed a limp. At autopsy, all implant systems were found to be well placed in the femoral condyles and there was free range of motion of the knees. There were no macroscopic signs of infection. Seven dogs completed the study and were fully weight-bearing on the hind limbs within a week of surgery. Synovitis and excess of joint fluid were found in the knee joints possibly due to a PE particleinduced synovial inflammation as seen in previous studies [22, 23] .
Histology
Exact-fitted implants
Trabecular metal implants had superior bone ongrowth with all implants gaining over 18% bone coverage (Fig. 2a,  b , Table 1 ). The maximal bone ongrowth obtained by a Gb implant was 14%. One Gb implant was completely covered by fibrous tissue. Tm and Gb had approximately the same amount of bone volume in the 750-μm zone adjacent to the implant surface, but the composition of other tissues differed significantly. Tm implants had more bone marrow Table 2 ).
Implants inserted with gap
All Gb implants inserted with a gap were completely covered by fibrous tissue (Fig. 2d) . This was in contrast to Tm implants where all implants had over 8% bone ongrowth (p=0.02; Fig. 2c , Table 1) . Surprisingly, Tm implants inserted with a gap had significantly higher ongrowth of bone than Gb implants inserted as an exact fit (p=0.03). The volume of fibrous tissue in the initial periimplant gap was significantly less around Tm implants than around Gb implants ( Table 2) .
Migration of PE particles
Significantly less PE particles were found around Tm implants than around Gb implants when inserted with a periimplant gap. A similar difference was found for implants inserted as an exact fit; however, this was not significant (Table 3) .
Owing to the nature of the implants, it was only possible to measure the number of particles inside the pores of the Tm implants. PE particles migrated inside the Tm coating of Tm implants fitted both exactly or inserted with a gap in comparable amounts (Fig. 3, Table 3 ).
Discussion
Wear debris and cytokines are carried by the joint fluid to the peri-implant bone in total hip replacement [25] . Once accumulated at the bone implant interface, wear particles may exhibit deleterious effects on the bone stock, either by the cellular effects of the particles alone [9, 11] or in synergy with other factors such as fluid pressure and micromotion [4, 30] .
Wear particles may travel through gaps in the cement mantle, fibrous tissue or inside porous implants [1, 5] . In contrast, vital bone tissue has proven to possess a significant sealing effect against the migration of wear debris [22] and in vivo studies suggest that bone has less permeability than fibrous tissue [5, 22, 23] .
In this study it was expected that the model with the highest permeability would be the highly porous Tm implant inserted with a peri-implant gap. However, this was not the case due to the superior osteoconductivity of Tm implants. The finding of PE particles inside the Tm implants in our study suggested fluid flow inside the implants. Fewer particles were found around Tm implants in exact fit but also in gap situations compared with Gb implants. However, the difference did not reach the level of significance (p=0.07) in implants fitted exactly in comparison to implants inserted leaving a gap (p=0.047).
The presence of PE particles in the pores of trabecular metal implants might be a potential risk factor for the formation of aggressive membranes inside the coating. However, the stability given by the bone ongrowth to Tm implants could significantly reduce this risk by providing a stable environment [2] .
Possible explanations of the superior bone ongrowth to Tm implants could be: Clinically, intra-capsular pressure inside a hip joint with an aseptically loosened THR is elevated compared with a hip with a non-loosened implant and the pressure varies with leg position [24] . Findings of intra-articular synovitis and excess joint fluid suggested similar increased intra-articular pressure in our experimental study, where fluid and wear debris could be pumped into the implant interface and into the pores of a porous implant during joint motion. Oscillating pressure itself may have influenced the bone tissue leading to death of osteocytes and bone lysis [29, 30] . The difference in peri-implant fluid flow and pressure between Tm and Gb implants might explain that even though carefully inserted as an exact fit, Gb implants had very little bone contact after 8 weeks. The bone adjacent to the implant had been replaced by fibrous tissue covering 75% of the implant surface. In contrast, Tm implants with a 0.75 peri-implant gap had obtained significantly higher bone ongrowth than Gb implants fitted exactly. Around Gb implants inserted with a gap, bone was formed in the gap, but did not bridge it. Instead, a sclerotic bone rim was formed, which surrounded the fibrous membrane around the implant. Thus, a pathway for fluid flow and particle migration around the Gb implants was created. In contrast Fig. 3 The inside of a Tm implant inserted with a peri-implant gap.
There was ingrowth of bone from the periphery of the implant, but most pores were filled with fibrous tissue. This section was viewed with polarised light and birefringent PE particles were seen distributed in the fibrous tissue inside the pores the fibrous tissue and fluid flow was found inside the interconnecting pores of Tm implants. This indicated that fluid flow could continue inside the pores of Tm implants while bone formation bridged the gap around the implants. The pressure at the bone implant interface was therefore not raised to such an extent that bone formation was inhibited or osteolysis occurred, because fluid followed the path of least resistance into the implant.
Interconnectivity
Interconnectivity influences the ability of cells to proliferate and migrate through the pores and to produce mineralised bone tissue. Interconnections over 50 μm favour new bone ingrowth inside the pores and assure cell proliferation, differentiation and angiogenesis [15] . Open-pore implant coatings with interconnected structures have higher bone conductivity compared with closed-pore coatings in gap situations [23] , and the results of this study confirm these findings with Tm implants having superior gap healing compared with solid implants.
Surface roughness
Differences in surface texture and thus surface roughness have been proven to influence migration of PE particles and bone ongrowth around clinical and experimental implants [5, 8] . In the present study as in previous studies, the effect of porosity or surface roughness could not be studied in isolation. However, the micro-structure of implant surfaces influences micro-environment around the implant including fluid flow and possibilities for osteoblast attachment and proliferation at the implant surface [16] . Thus, the increased roughness may have contributed to the superior bone ongrowth of Tm implants.
Biocompatibility
The biocompatibility of Ti-6-Al-4V alloy and tantalum implants used in the present study has to our knowledge not been compared previously. A study using rat bone compared the biocompatibility of commercially pure (c.p.) titanium and tantalum implants after 2 and 4 weeks. Both materials had a comparable percentage of bone contact and there were no signs of inflammation around any of the implants indicating a uniform biocompatibility of the two materials [17] . The Ti-6-Al-4V alloy used in our study may have slightly inferior biocompatibility compared with c.p. titanium [13, 28] . This cannot, however, explain the fibrous encapsulation and low percentage of bone ongrowth of Ti-6-Al-4V implants found in this study.
Conclusion
Trabecular metal implants had less migration of PE particles in peri-implant tissue than Gb implants. The sealing effect was due to superior bony gap healing and bone ongrowth to Tm implants. Possible explanations for the superior osteo-conductivity were a reduced fluid flow and pressure around the Tm implants, increased surface roughness and inter-connected porosity compared with solid titanium alloy implants.
